This study identified sources of fecal contamination in three different French headwater and coastal catchments (the Justiçou, Pen an Traon, and La Fresnaye) using a combination of microbial source tracking tools. The tools included bacterial markers (three host-associated Bacteroidales) and chemical markers (six fecal stanols), which were monitored monthly over one or two years in addition to fecal indicator bacteria. 168 of the 240 freshwater and marine water samples had Escherichia coli (E. coli) or enterococci concentrations higher than "excellent" European water quality threshold. In the three catchments, the results suggested that the fecal contamination appeared to be primarily from an animal origin and particularly from a bovine origin in 52% (Rum2Bac) and 46% (Bstanol) of the samples and to a lesser extent from a porcine origin in 19% (Pig2Bac) and 21% (Pstanol) of the samples. Our results suggested a human fecal contamination in 56% (HF183) and 32% (Hstanol) of the samples. Rainfall also impacted the source identification of microbial contamination. In general, these findings could inform effective implementation of microbial source tracking strategies, specifically that the location of sampling points must include variability at the landscape scale.
Introduction
The microbial quality of coastal environments can be affected by fecal pollution from urban and agricultural sources. Fecal contamination affects waterways worldwide, leading to the closures or downgrading of shellfish-harvesting areas and bathing areas, and to outbreaks of food poisoning through the consumption of contaminated shellfish or waters (Pommepuy et al., 2005) . To prevent these sanitary issues, fecal indicator bacteria; often E. coli or enterococci, are used as indicators to determine the level of fecal contamination in water and to classify the water quality as defined by the European regulations (EU 2006/7/EC directive; regulation #854/2004). Different markers have been developed to compliment fecal indicators and allow microbial source tracking toolbox (MST toolbox) (Field and Samadpour, 2007) . Specifically, these chemical and microbial markers distinguish fecal pollution sources, i.e. human, bovine, porcine, etc. (Boehm et al., 2003; Rusinol et al., 2016; Sidhu et al., 2013; Tran et al., 2015) .
As highlighted by Tran et al. (2015) , a suitable MST toolbox needs to be customized to the study area, including characteristics such as anthropogenic activities and land use patterns.
In Brittany (northwestern France), the most widespread agricultural activity is intensive livestock, primarily cows and pigs. For this area, it is therefore necessary to distinguish between human, bovine, and porcine sources of fecal contamination. A suitable MST toolbox using microbial and chemical markers has been previously developed for the specific context in Brittany by Gourmelon et al. (2010) . This toolbox combines three host-associated real-time PCR Bacteroidales markers designed to identify human (HF183), ruminant (bovine and ovine; Rum2Bac), and porcine (Pig2Bac) fecal contamination (Bernhard and Field, 2000; Mieszkin et al., 2009; Mieszkin et al., 2010; Seunrick et al., 2005) as well as fecal stanols, chemical markers whose distribution can be used to distinguish between human, porcine, and bovine sources of fecal contamination (Derrien et al., 2011; Derrien et al., 2015; Leeming et al., 1996) . Real-time PCR markers have been found to offer high sensitivity and specificity, in this French region, ranging from 78% to 100% (Mauffret et al., 2012) . A sensitivity of 78%, 98% and 100% was obtained for HF183, Rum2Bac and Pig2Bac, respectively. The lower sensitivity of HF183 was due to the few positive human feces samples whereas all the WWTP effluents tested were found positive. A specificity of 99%, 94%, and 99 % was obtained for HF183, Rum2Bac and Pig2Bac, respectively. Furthermore, these markers were found highly sensitive and specific in other countries. The review of 32 studies focusing on the HF183 marker by Ahmed and co-workers in 2016 (Ahmed et al., 2016) show an overall host sensitivity and specificity of 83.1% (n=1242 targeted fecal samples analysed) and 94.6% (n=2966 non targeted fecal samples tested). In addition, Pig2Bac marker was also found highly specific in USA and Israel and Rum2Bac in USA (Raith et al., 2013; Heaney et al., 2015; Ohad et al., 2015) .
In Europe, shellfish-harvesting areas and bathing areas are classified according to the fecal indicator bacteria level in shellfish (E. coli) and water (E. coli and enterococci; EU 2006/7/EC directive; regulation #854/2004) . With regards to bathing areas, fecal indicator bacteria are used to monitor and classify bathing waters as insufficient, good, or excellent (threshold values in Table S1 ). Furthermore, a water bathing profile has to be established in all the European bathing areas, identifying the potential sources of fecal contamination (2006/7/EC directive).
There is therefore a need for tools to efficiently identify sources of fecal contamination in waters that do not comply with European water quality guidelines.
In this study, we used a MST toolbox based on bacterial and chemical markers at the catchment scale to study seasonal variations in term of intensity and sources of fecal contamination in three contrasting catchments in Brittany, France. We hypothesized that the use of a MST toolbox at a monthly frequency, in concert with precipitation data, should allow the determination of the main seasonal fecal contamination sources depending on the catchment land use and land cover. These results could help local stakeholders to improve land use management by decreasing microbial contamination threats.
Material and methods
2.1. Catchment characteristics and water sampling strategy 2.1.1. Justiçou, Pen an Traon and La Fresnaye catchments.
The Justiçou catchment (catchment J; 2,064 inhabitants; 9 km long; 5.6 km²) is located in the upstream part of the Elorn catchment (Figure 1 , S1). The catchment of the Elorn estuary (Brittany, France) covers 385 km² and is located to the north-east of the Bay of Brest. A detailed description of this catchment can be found in Mieszkin et al. (2013) . Fecal bacteria sources in the catchment J include one wastewater treatment plant located at Plouneventer (WWTP; 1,298 inhabitants-equivalents, extended aeration activated sludge process, located just upstream of the J1 sampling point) pig, cattle, and poultry breeding (animal and human densities are shown in Figure S1 ), manure spreading, and livestock grazing area. Five sampling points (J1 to J5) were selected in order to include the impact of the WWTP on a small stream with pressure from intensive agriculture (Table S2 , Figure 1 ).
The Pen an Traon catchment (catchment P; 629 inhabitants) is a coastal catchment, which covers 3.7 km² and includes a swimming area (Pen an Traon beach, P5) (Figures 1, S2 ). Catchment P is divided into two areas that drain two streams flowing into the Pen an Traon beach: (i) the Poul ar Vilin stream (1.2 km; 1.2 km²; P1 and P2) flows along a rural area mainly dominated by pastures and livestock, and (ii) the Pouldu stream (1.3 km; 1 km²; P3 and P4) flows along two small urban areas without a municipal WWTP and including pastures ( Figure S2 ). In a recent swimming-water profile study (Patris and Perenne, 2011) , these two streams were identified as potential contributors (4% of the E. coli fluxes in the Elorn estuary) to fecal contamination inputs. The high E. coli concentration and their proximity to the swimming beach increase risk of contamination. Five sampling points were monitored upstream and downstream from the Poul ar Vilin (P1 and P2) and Pouldu streams (P3 and P4) and at the Pen an Traon beach (P5, Table S2 ). These two headwater catchments were chosen to evaluate point and non-point fecal contamination sources.
The La Fresnaye catchment (catchment F; 121 km²; 6,923 inhabitants) is located in the northeastern part of Brittany (Figures 1, S3 ). Catchment F is divided into four subcatchments: Fremur (river length=50 km, area=77.4 km², F1), le Rat (river length=10.5 km, area=19.2 km², F2), le Clos (river length=8.7 km, area=13.3 km², F3), and Kermiton (river length=2.3 km, area=6.3 km², F4). The catchment includes 12 towns with seven WWTPs: two activated sludge WWTPs, three lagoon-based WWTPs, two reed bed filter WWTPs, and one using rotating biological contactors dimensioned for 250 to 16,000 inhabitantsequivalents). Catchment F has intensive livestock production ( Figure S3 ). Sampling points were monitored at the outlet of each sub-catchment (F1: Fremur; F2: Le Rat; F3: Le Clos; F4: Kermiton) and in the seawater (F5), which was always sampled at high tide, downstream of the outlet of the Kermiton stream (F4).
Water sampling strategy
Monthly monitoring was performed over a one-year period in the catchments J and P (from August 23 rd , 2010 to July 17 th , 2011) and over a two-year period in the catchment F (from February 25 th , 2013 to January 5 th , 2015). Water samples were collected from the surface (top 10-cm) using sterilized bottles and were immediately placed in an ice chest, where they were kept until analysis. All samples were filtered in the laboratories within one day of sampling.
Water sample analysis

Enumeration of fecal indicator bacteria
Escherichia coli and enterococci were counted using microplate methods (EN ISO 9308-3 [Anonym. 1999a] and EN ISO 7899-1 [Anonym. 1999b]), respectively, with a detection limit of the 15 most probable number (MPN) per 100 mL of water sample.
Host-associated Bacteroidales marker analysis
Water samples (1 L) were either filtered under sterile conditions through 0.45 µm nitrocellulose membranes (Pall Gelman GN-6 Metricel; Pall Corporation) or centrifuged for highly turbid samples. DNA was extracted using the Fast DNA for soil kit (MP Biomedical) and DNA extracts were eluted in 100 µl DNA Elution Solution-Ultra Pure Water and stored at -80°C until PCR analysis. Host-associated Bacteroidales markers were quantified by realtime PCR as previously reported by Mauffret et al. (2012) and using the primers and probes described by Seurinck et al. (2005) : HF183 and Mieszkin et al. (2009 Mieszkin et al. ( -2010 : Pig2Bac and Rum2Bac. The procedure is described in detail in the supplementary information.
Fecal stanol analysis
Fecal stanols were extracted from filtered (0.7 µm glass-fiber) water samples (1 L) by solid phase extraction and quantified by gas chromatography coupled to mass spectrometry using an internal calibration as described by Jeanneau et al. (2011) . The procedure is described in detail in the supplementary information.
Climatic and chemophysical parameters
Rainfall data (1-day cumulative rainfall) were provided by the meteorological stations from Meteo France at Guipavas (48°25'59.99"N; -4°24'0"W -catchments J and P) and Pleurtuit (48°34'59.98"N; -2°4'0.01"W -catchment F).
Water temperature (°C) and dissolved oxygen (mg/L) were measured using a multi sensor probe 3430 (WTW) equipped with a FDO 925 electrode, and Tetracon 925 electrode on nonfiltered water samples. Turbidity (NTU) was measured at the laboratory using an HACH 2100N turbidimeter.
A specific focus on the effect of rainfall intensity on FIB or fecal marker levels or their presence in the water samples was performed. Samples were grouped into three classes of rainfall intensity: no rain, rainfall intensity < 10 mm, and rainfall intensity ≥ 10 mm (1-day cumulative rainfall).
Statistical analyses
All statistics were performed using XLSTAT 2013, Addinsoft. Non-parametric Kruskal-Wallis tests were performed with Dunn's multiple comparison tests as a post-hoc test with a 99% confidence level (= 0.01). Spearman correlations (= 0.01) were performed to test for significant correlations between chemophysical or climatic parameters and fecal indicators or fecal markers.
The stanol fingerprints of the water samples were investigated using the PCA model developed by Derrien et al. (2012) to differentiate between human, porcine, and bovine sources of fecal contamination. With this model, fecal stanols can be used to identify human (Hstanol), bovine (Bstanol) and/or porcine (Pstanol) fecal contamination. The procedure is described in detail in the supplementary information.
The results (source assignment with host-associated Bacteroidales markers and fecal stanols) were ranked in four classes from A to D:
A: both markers gave the same source assignment (either a single source or a combination of two or three sources). B: one marker gave a source assignment (either a single source or a combination of two or three sources) and the other did not provide a source assignment.
C: both kinds of markers gave different source assignments (no common source identified by host-associated Bacteroidales and fecal stanols). D: no markers were quantified or detected.
Results and Discussion
Overview of fecal contamination levels in the catchments.
Escherichia coli and enterococci were quantified in respectively 97% and 80% of the 240 water samples (Table S3 ). E. coli levels exceeded the European "excellent" water quality guideline values for inland and marine waters (≥ 2.7 log 10 MPN/100 mL and ≥ 2.4 log 10 MPN/100 mL, respectively) in 71% of the rivers and 47% of the marine waters. Enterococci levels exceeded the threshold for the "excellent" classification (according to the 2006/7/CE directive) for inland and marine waters (≥ 2.3 log 10 MPN/100 mL and ≥ 2 log 10 MPN/100 mL, respectively) in 50% of the rivers and 28% of the marine waters.
In catchments J, P, and F, E. coli was quantified in 100%, 92%, and 98% of the waters, respectively. The E. coli levels ranged from 1.6 to 5.8 log 10 MPN/100 mL in catchment J, from 1.2 to 4.8 log 10 MPN /100 mL in catchment P, and from 1.2 log 10 MPN/100 mL to 5.3 log 10 MPN/100 mL in catchment F. (Figure 2 and Table S3 ). In catchments J, P, and F, enterococci were quantified in 88%, 70%, and 82% of the waters, respectively. The enterococci levels ranged from 1.6 to 6.4 log 10 MPN/100 mL in catchment J, from 1.2 to 4.5 log 10 MPN /100 mL in catchment P, and from 1.2 log 10 MPN/100 mL to 4.8 log 10 MPN/100 mL in catchment F ( Figure 2 and Table S3 ). In catchment J, E. coli and enterococci levels were especially high at point J1 (from 3.2 to 5.8 log 10 MPN/100 mL for E. coli concentrations and from 2.5 to 5.4 log 10 MPN/100 mL for enterococci concentrations) compared to J2 to J5 ( Figure 2 ). J1 is located downstream of the WWTP effluent (Table S2 ). In catchment P, no significant difference between the sampling points was observed. In catchment F, the E. coli concentrations were significantly lower in marine waters (F5) than in river waters (F1 to F4, Figure 2 ). The E. coli levels exceeded the "excellent" threshold in 83%, 50%, and 73% of the river samples from the catchments J, P, and F, respectively. Marine waters exceeded the "excellent" E. coli threshold in 33% of the samples in catchment P and 54% in catchment F.
The enterococci levels exceeded the "excellent" threshold in 57%, 42%, and 50% of the river samples from the J, P and F catchments, respectively. Marine waters exceeded the "excellent" E. coli threshold in 33% of the samples in catchment P and 25% in catchment F.
Reliability of the MST toolbox.
The reliability of the MST toolbox based on host-associated Bacteroidales markers and fecal stanols was evaluated on the 168 of 240 samples that exceeded the "excellent" threshold (see threshold values in Table S1 ).
Evaluation of the toolbox was based on the ability to consistently identify the origins of fecal contamination as determined by host-associated Bacteroidales and fecal stanols.
54% of samples fell into class A (both kinds of markers gave the same source assignment), 29% in class B (one kind of marker gave a source assignment), 10% in class C (both kinds of markers gave different sources), and 8 % in class D (no markers were quantified or detected). The MST toolbox was considered efficient in 83% of the samples (A+B classes).
The differences in source assignments between the two kinds of markers observed for the class B and C samples could be due to differential persistence of fecal stanols and hostassociated Bacteroidales markers in surface water (Jeanneau et al., 2012; Solecki et al., 2011) . For example, for 11 of the 17 class C samples, fecal stanols assigned a porcine origin, whereas host-associated Bacteroidales assigned a bovine and/or human origin. Pig slurry storage lead to a decrease in the Pig2Bac detection rates (Mieszkin et al., 2009 ) and Pig2Bac has a lower persistence time (T 90 = 1.9 days) than the porcine stanol fingerprint (T 90 between 29.1 and 32.0 days, Solecki et al., 2011) . Consequently, it would be preferable not to use those results in terms of catchment management, and to perform further investigations on those sampling points.
All class D samples were collected in catchments F (seven marine waters from F5 and three inland waters from F4) and P (two marine waters from P5 and one inland water from P4) with E. coli levels ranging from 2.4 (F5 on December 2 nd , 2013) to 4.3 log 10 MPN/100 mL (F4 on September 8 th , 2014), and enterococci levels ranging from 1.2 log 10 MPN/100 mL (F5 on October 6 th , 2014) to 3.1 log 10 MPN/100 mL (F4 on October 7 th , 2013). Dilution, sedimentation with particles and/or additional fecal sources (birds, wild animals, etc.) might explain the lack of fecal source assignment.
To assess the reliability of the MST toolbox in less contaminated waters, we also included the 72 samples with E. coli or enterococci levels below the "excellent" water quality guideline values. Classes A, B, C, and D represented 51%, 30%, 9%, and 10% of the samples, respectively. The reliability of the MST toolbox remains unchanged with a clear source assignment for 81% of the samples.
Dynamics of fecal contamination at the landscape scale.
Throughout the three catchments, the results suggested that the main fecal contamination was from an animal origin, and primarily bovine in 52% (Rum2Bac) and 46% (Bstanol) of the samples, and secondarily porcine, in 19% (Pig2Bac) and 21% (Pstanol) of the samples. The results suggested a human fecal contamination in 56% (HF183) and 32% (Hstanol) of the samples (Table S3 ). HF183 (56%) was more prevalent than Hstanol (32%) in the 168 water samples. In 25 of the samples with HF183 and no human stanol fingerprint, stanols indicated an animal fecal contamination source whereas host-associated Bacteroidales indicated a mixture of animal and human contamination. In 8 samples, only HF183 was quantified, and stanols indicated fecal contamination from animal origin. In the last 14 samples, stanols were not detected. One explanation for these patterns is differential persistence of fecal stanols and host-associated Bacteroidales markers in surface water. However, a previous microcosm study (Jeanneau et al., 2012) suggested a longer persistence time for human stanol fingerprint (T 50 between 3.8 and 5.4 days, Jeanneau et al., 2012) than for HF183 (T 90 =1.7 days). Fecal stanols are mainly used to track human fecal contamination from WWTP. It has been demonstrated that the intensity of the cholesterol-to-coprostanol conversion in the intestine is highly variable among humans (Gerard, 2014) , which could lead to a lack of sensitivity of fecal stanol to track individual septic systems. The difference in the identification of human fecal contamination with host-associated Bacteroidales and fecal stanols strengthens the need to use MST toolbox based on several markers to identify the fecal sources at the catchment scale.
Besides fecal contamination from animal origin, human contamination remained important at the catchment scale and remained a problem in terms of risk assessment because human health risk appears to be substantially higher in waters impacted by human sources compared to animal sources such as sea birds, poultry or pigs (Soller et al., 2010). One explanation for this is the host-specific nature of viruses such as noroviruses which are the most frequently identified pathogen in shellfish outbreaks (Campos and Lees, 2014; Le Guyader et al, 2013) . Figure 3 presents the frequency of detection of human, bovine, and porcine markers (hostassociated Bacteroidales and/or fecal stanols) at the different sampling points in the three catchments.
Spatial variability
In catchment J, host-associated markers were mainly from human (92% of the samples) and bovine (62% of the samples) fecal contamination. Only bovine markers were quantified at J2, the upstream sampling point for catchment J. The prevalence of human markers in this catchment is likely due to the WWTP located just upstream J1, which degrades water quality through point J5 (the downstream station in this catchment). Porcine markers (24% of the samples) were quantified at J3 (50%), J4 (33%) and J5 (18%), corresponding to porcine density in this area (around 2091 ± 207 pig/km²; Table S2 and Figure S1 ). Catchment P is a small headwater catchment mainly characterized by pastures and livestock (a bovine density range from 102 to 121 cattle/km², Table S2 and Figure S2 ). Fecal contamination was mainly from bovine sources (63% of the samples). The occurrence of exclusively bovine markers at the upstream sampling points (P2 and P4) is in line with the cattle density and land use. Human markers (50% of the samples) only occurred downstream (P1 and P3) following human density (40 and 328 inhabitants/km², respectively, Table S2 and Figure S2 ). At P5, the beach sampling point, the fecal contamination came from all three sources studied here (human, bovine, and porcine).
Bovine (81% of the samples), human (45% of the samples), and porcine markers (42% of the samples) were quantified in all of the sampling points from catchment F. This catchment is also characterized by the highest frequency of detection of pig markers (42% of the samples) compared to catchment J (24% of the samples) and P (6% of the samples), while the pig density is three times lower in catchment F than in catchment J. This lack of relationship between pig density and the occurrence of pig markers might be due to the management practice of spreading pig slurry which is subject to a regional spreading schedule and can be carried out both inside and outside the catchment.
At the landscape scale, the spatial variability highlights that headwater catchments are mainly impacted by one source of microbial contamination; however as one moves downstream, this specificity is lost due to a combination of sources. Both scales are important to improve management strategies, especially in nested catchments. While large catchments can be used to identify the main sources, the headwater catchment scale is the operational size to develop management strategies.
Impact of climatic and chemophysical parameters on fecal indicator bacteria and markers.
Water turbidity and rainfall can have an effect on fecal matter diffusion from soils to water through soil leaching and feces degradation (Villemur et al., 2015) . Among the different monitored climatic and chemophysical parameters (water temperature, dissolved oxygen, turbidity and rainfall, Table S4 ), rainfall was most strongly correlated (p-value <0.0001 to pvalue <0.001) with fecal indicator bacteria (p-value <0.0001, r=0.33 and 0.34 with E. coli and enterococci, respectively) and fecal human markers (p<0.0001, r=0.46, 0.36 and 0.26 with Rum2Bac, Pig2Bac and Pstanol, respectively). Turbidity was very weakly correlated with fecal indicator bacteria (p-value <0.01, r= 0.09 and 0.12 with E. coli and enterococci, respectively) and weakly with HF183 (p-value <0.01, r=0.104). Turbidity and rainfall were significantly correlated (p-value <0.0001, r=0.39), as expected Moatar et al. (2017) .
The mean and maximum cumulative 1-day rainfall values were more than two times higher in the J and P catchments than in catchment F (Table 1 ). In catchments J and P, the daily rainfall was higher than 10 mm (Table S3 ) on three sampling dates (August 2010, January 2011, February 2011), in catchment F the rainfall was higher than 10 mm on three sampling dates over the two year period (March 2013 , November 2013 . Heavy rainfall (more than 20 mm per day in Brittany; Dubreuil et al., 1996) only occurred on three sampling dates in the three catchments, in August 2010 and February 2011 in catchments J and P and in March 2013 in catchment F. Among the 168 samples (50 at J, 32 at P and 86 at F) with E. coli or enterococci concentrations exceeding the "excellent" water guideline value, samples collected during wet periods (with rainfall ≥ 10 mm per day) represented 26% at J, 25% at P, and 17% at F. In the three catchments, there were more samples (56% at J, 53% at P, and 29% at F) with high E. coli concentrations that were collected during dry periods (no rain before sampling). Figure 4 represents the E. coli concentrations (log 10 MPN/100 mL) by cumulative amount of rainfall (mm) during one day prior to sampling at the three catchments for samples with proven fecal contamination.
Rainfall had contrasting effects on the E. coli concentrations in catchments J, P, and F. In catchment J, the highest, average and lowest E. coli concentrations were quite similar irrespective of the rainfall intensity (no significant difference according to the rainfall intensity has been recorded). In catchment P, the E. coli concentrations increased with low rain intensity (0 < rain < 10 mm) and remain stable when the rainfall intensity was over 10 mm. In catchment F, the highest, average and lowest E. coli concentrations continuously increased with increasing rain intensity (p-value = 0.004 between the dry and wet periods in catchment F), but were significantly lower overall than in catchment J (p-value = 0.001). These different rainfall effects in the three catchments could be due to different sampling times since rainfallrunoff increases the E. coli concentration for a very short time period (2-3 hours depending on the size of the catchment; Bougeard et al., 2011) . Samples were not always taken in the three catchments over this short period of time. Several authors have studied the effect of rainfall on fecal indicator bacteria concentrations and showed that rainfall is deemed to be one of the most important hydrological factors affecting the transport of fecal indicator bacteria in the environment (Heaney et al., 2015; Tran et al., 2015) . However, as already mentioned in Tran et al. (2015) , the impacts of rainfall and the previous dry period on fecal indicator bacteria showed conflicting results that strongly depended on both the geographical area and studied catchment which are; difficult to quantify (Liang et al., 2015) . Moreover, as demonstrated by Muirhead et al. (2005) , the majority of the E. coli originating from fecal sources can withstand leaching during rainfall events and be released later (Muirhead and Monogan, 2012) . This observation suggests that E. coli leaching should be considered as a diffusive pollution event instead of a point source.
The detection frequency of bovine markers increased with rainfall in the three catchments ( Figure 5 ). Muirhead and Monogan (2012) identified rainfall runoff as the primary pathway for fecal losses from agricultural catchments with dairy livestock activities. Moreover, a positive correlation between 1-day rainfall and ruminant-associated Bacteroidales markers (Rum2Bac) was observed here (p-value <0.0001, r=0.46, Table S4 ) and in another French catchment (Mauffret et al., 2012) . In catchments J and F, this increase was effective for rainfall ≥ 10 mm, while in catchment P, a < 10 mm rainfall was sufficient enough to produce this result. These different relationships can result from catchment topography, which controls surface runoff Rusinol et al., 2016) . In catchment P, the average slope ( Figure S3 ) is 4.5%, which is two to three times higher than in catchments J and F. In Brittany, bovine cattle are primarily reared outdoors on grass with a direct input of fecal matter. Consequently, runoff from grazing fields is an important export mechanism for bovine fecal contamination (Muirhead and Monogan, 2012) .
The relationship between rainfall and the detection frequency of human markers was also catchment dependent. In catchments P and F, the detection frequency of human markers increased for rainfall ≥ 10 mm. These increases could be due to exceedance of the waste water treatment capacity of collective plants and/or individual septic systems (Rusinol et al., 2016) . Conversely, in catchment J, the detection frequency of human markers decreased from 96% to 77% with increasing rainfall intensity. This could be due to a dilution effect of the WWTP input located upstream J1.
Similarly to the detection of human markers, the relationship between rainfall and the detection frequency of pig markers was catchment dependent. In catchment J, it decreased from 25% to 15% when the rainfall intensity increased. In catchment P, pig markers were only detected at P5, which is the beach point influenced by inputs from outside the catchment P and for rainfall ≥ 10 mm. In catchment F, the detection frequency of pig markers remained stable (from 36% to 39%) for rainfall < 10 mm and increased to 53% for rainfall ≥ 10 mm. In catchment J, pig markers seem to be diluted by rainfall, which could indicate a chronic point source contamination that is similar, but with a lower impact, to a WWTP effluent impact. In catchments P and F, the detection frequency of pig markers increased with rainfall >10 mm, which probably results from runoff from agricultural areas enriched with pig slurry.
To summarize, in catchment J, a small urban headwater catchment (5.6 km²), rainfall did not modify E. coli concentrations, which are mainly controlled by the continuous discharge from a WWTP. In catchment P, a rural headwater catchment (3.7 km²) dominated by livestock, moderate rainfall (< 10 mm) induced an increase in the E. coli concentrations mainly through the mobilization of cow feces during heavy rainfall (≥ 10 mm) and individual human septic systems could be also mobilized. In catchment F, a larger catchment (116 km²), the E. coli concentration trends was controlled by the rain intensity. Moderate rainfall (< 10 mm) induced a moderate increase in the E. coli concentrations mainly due to runoff from cattle grazing areas located close to the streams. Heavy rainfall (≥ 10 mm) induced a significant increase in the E. coli concentrations due to runoff from cattle grazing areas, agricultural areas enriched with pig slurry, and an exceedance of the WWTP capacity of collective plants and/or individual septic systems.
Conclusion
In the three monitored catchments, fecal contamination was mainly from a bovine origin. As the cattle primarily graze in outdoor pastures, feces may be leached by rainfall leading to export to streams throughout the season, acting as a diffusive contaminant source.
As stated by Collins (2004) and Rusinol et al (2016) , a way to prevent this diffusive fecal contamination from cattle could be to physically exclude or at least to limit exchanges between grazing pastures from rivers via the implementation of fences around grazed meadows, for example.
Fecal contamination from humans was also significant in the three catchments. This is particularly concerning since the health risks associated with exposure to waters impacted by human fecal sources are more harmful than waters contaminated by animal sources (Soller et al., 2010) . The management of stormwater overflows and the effective sizing of WWTPs could be reliable mitigation actions to limit human fecal contamination at the catchment scale (McLellan et al., 2007) .
In conclusion:
-The quantification of fecal indicator bacteria is prerequisite for all studies dealing with fecal contamination.
-The association of both bacterial and chemical markers is highly efficient to identify the main source of fecal contamination in water samples (83% of the samples in this study).
-At the catchment scale, the sampling strategy has to be carefully planned to include catchment characteristics such as hydrology, topography, and the known potential sources of contaminations (farms, WWTPs etc.). For example, the sources of fecal contamination in the headwaters of a catchment are mainly driven by single sources whereas at the outlet, sources of fecal contamination are less species-specific due to source mixing.
-Rainfall is the most significant environmental parameter driving the transfer of fecal contamination from soil to streams. 
